Three-phase material imaging such as oil, gas and water is a critical problem in many processes. Monitoring and separation of each phase before corresponding process can be a key to realise cost efficiency production. In the oil and gas industry such a tool can generate great environmental benefits. In recent years, several multi-modality imaging systems are being adapted for such an application. It is not possible to gain information on three phase flow using a single imaging modality that can be deployed in production field. For a three-phase flow dominated by water phase, this is more challenging. The capability of the majority of current dual-modality systems was only demonstrated under limited flow regime conditions. This paper presents a novel combined imaging system including electrical impedance tomography (EIT), and ultrasound transmission tomography (UTT) for mapping three-phase flow. In water dominate mode, the EIT is able to image the nonconductive phases of oil and gas in a water dominate background phase, but not able to separate oil and gas. The EIT two-phase imaging then complimented with the speed of sound imaging of the UTT, which can separate liquid (oil and water) and gas. A dual modality EIT-UTT system combining a 32-electrode EIT array and a 32-transducer UTT sensor array is developed to demonstrate this novel three-phase material imaging. The concept was demonstrated using simulation study and then shown with experimental lab tests. Measurement principles and method are described, experiment based on several three-phase flow scenarios are established, and the results show successful distinguishably for all three phases.
I. INTRODUCTION
In oil and gas industry, companies are increasingly facing the need to find ways of improving oil and gas production techniques, establishing production facilities in difficult location, reducing cost and transporting energy efficiently through pipelines. Clearly, to measure and visualise flow is one of the key developments in petroleum industry [1] . As we all know, petroleum can be found in geological formations beneath the earth's surface, surrounded by natural gas and often contain large amounts of water. Because water is more mobile than petroleum, some of the surrounding water is bound to be pumped up when crude oil and natural gas are produced through wells. This is a costly process and if it can be avoided by leaving the water at an earlier stage, it can make the processes more cost effective. In addition, with the production of crude oil and natural gas, formation pressure gradually decreases. In order to maintain reservoir The associate editor coordinating the review of this manuscript and approving it for publication was Peng Liu . pressure and realize long-term high and stable production of oil field, the development mode of formation water injection is widely used to improve oil recovery. Therefore, in the early stage of oil field development, the water cut in crude oil is relatively low. With the implementation of water injection scheme, a large amount of water is injected underground, and the water cut of crude oil will continue to rise, and the ratio of oil to water can reach more than 1:9. Therefore, the crude oil production often contains a lot of water [2] . To visualise threephase flow in water dominate case, a novel dual modality imaging using electrical conductivity and speed of sound imaging is presented here. Multi-phase flow is a challenging task and cannot be done with a single imaging modality. As solution of multi-phase flow imaging, various proposals have been made with the use of multi-modality [3] , [4] ; however, these solutions are still challenged by the difficulties posted by water dominated flow.
Electrical impedance tomography (EIT) as an imaging technique, can visualise both interior conductivity and permittivity distribution inside the region of interest by only VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ using measurements from electrodes placed on its boundary. It has been applied on industry to identify gas and oil in water depending on their conductivity properties, currently it is a relatively mature technique in two-phase flow [5] . Ultrasonic transmission tomography (UTT) [6] , [7] has also widely been applied in process industries, by measuring time of flight (TOF) of the signal, spatial distribution of acoustic impedance can be imaged, it is especially well-suited for identify gas from liquid phases [8] , [9] . There is a growing interest in dual modality of combing EIT and ultrasound (UT) since its original introduction in 2006 [10] . [11] and [12] proposed an electrical resistance tomography ERT/ ultrasound reflection tomography (URT) dual-modality imaging method for small object detection in medical applications. For process industry applications, Yunus presented a simulation studies on airbubble detection using ERT-UTT dual-modality [13] , and oilwater two phase flow was measured by Tan using UT and a conductance/ capacitance sensor [14] .
Other multi-modality tomographic systems have been applied and proposed for complex process industry applications such as gas-oil-water (three-phase) flow [1] , [15] , [16] . So far, dual-modality of electrical capacitance tomography (ECT) and ERT is commonly used as a solution [17] - [19] for imaging oil-dominated three-phase flow. ERT can distinguish gas and oil (none or low conductivity) from a water-dominated mixture (higher conductivity), meanwhile, ECT can distinguish water (high permittivity) from a gasoil-dominated mixture (lower permittivity). In [16] , dualmodality ECT and magnetic inductance tomography (MIT) was proposed and successfully identified water and oil in air (simulated gas-dominated situation). Other modalities, such as the combination of ECT and gamma-ray tomography was introduced in [20] . Gamma-ray tomography can distinguish gas from liquid, since these have different photon attenuation coefficients, which is closely proportional to the density of the flow. As a result, water and gas phases can be identified in oil-dominated flow. In 2017, a single-plane ECT-UT dualmodality was proposed, an oil-dominated three-phase flow was successfully imaged [21] .
However, all modalities can hardly distinguish oil or gas from water-dominated flow. In this case, a dual modality of EIT/ UTT for imaging water-dominated three-phase flow is proposed in the paper. First, EIT can detect non-conductive phase of oil or air in conductive water, but it cannot distinguish these two phases. Therefore, the second step is to determine these two non-conductive phases using UTT since the speed of sound is different in oil and air.
II. TOMOGRAPHY FOR THREE-PHASE MATERIALS
Despite extensive research and development, oil-gas-water three-phase flow is still a challenging problem [22] . The complexity of measuring or visualization three-phase flow is mainly as follows: i) there are many characteristic parameters, gas-oil-ratio, water-cut, mass flow rate, slip velocity, etc [23] . ii) the gas volume fraction (GVF) and water-to-liquid ratio (WLR) change rapidly in the process of flow depending on the pressure and temperature. iii) the change of flow pattern is complex, there are more than 20 different flow regimes that have been observed [22] - [24] . Açikgöz produced three-phase flow patterns for both oil-dominated and water-dominated conditions [25] . Figure 1 shows an illustration of water dominant three-phase flow. In a conventional production system, flow is separated into individual phase before being measured by single-phase flowmeters. The separators are limited in huge size, heavy weight, large cost and considerable maintenance. Therefore, three-phase flowmeters are highly welcomed to replace separators with the advantages of shorter test time, smaller size and being able to continuously monitor [26] - [28] . Currently, there are two main types of three-phase flowmeters, one is required separation, then each phase can be measured separately. The other type is the on-line measurement, such as using electrical tomography to determine phase fraction without separation [1] .
To address as more three-phase flow patterns as possible, measuring/imaging more than two phases and flow monitoring purpose, various tomographic methods have been commercially applied and scientifically proposed for developing three-phase flowmeters in the past few decades [1] . The physical properties of each phase are listed in Table 1 .
Conductivities states that there is in no separation for oil and gas in EIT since they are non-conductive. Tiny difference in relative permittivity of oil and gas suggests they can be distinguished by ECT theoretically with large precise computational calculation, but in real-time, the separation can be extremely difficult. Depending on the different speed of sound, ultrasonic tomography seems can be used for threephase flow, however, the contrast between water and oil is much smaller than them with air, measurement and reconstruction solution are not high enough to meet the desired level. Therefore, single tomography systems are limited in oil-gas-water three-phase flow.
Multi-modality tomographic systems then have been introduced, which overcome the difficulties in a single tomographic system and suggested to be effective in recent research [16] , [17] , [20] , [28] , [29] . Figure 2 . presents a summary of the current capability of dual-modalities in gas-oilwater three-phase flow against water to liquid ratio. Despite the success of the proposal by Wang et al. in [15] , for waterdominated three-phase flow, there is still a blank space of distinguishing gas and oil phase (grey area in Figure 2 ). However, the produced fluids often contain large quantities of water, even though it may already become oil-bearing strata [24] . To identify and monitor the flow before separation can bring great economic benefits to oil and gas industry in that case.
III. METHODOLOGY
This section describes the basic principle of operation and computational models of the EIT as well as UTT. Some main properties and characteristics of the inverse problem for imaging sound speed in UTT and electrical conductivity in EIT are discussed. The dual modality scenario for characterisation of the three-phase flow is then presented.
A. EIT Figure 3 shows a 32-electrode EIT phantom. Electrodes are attached inside the phantom and directly contact with the background [30] . Normally, current injected to a pair of electrodes, in this work, adjacent method is applied. Voltages are measured at the rest of electrodes, therefore, one current injection can give 29 valid voltage measurements. The process is repeated until current injected to all adjacent electrode pairs. And then, the measurement is used for image processing.
The imaging processing of EIT includes two main problems, forward problem and inverse problem. The forward problem of EIT is determining the voltage distribution of a known domain by a given current and a specified conductivity distribution. The finite element method (FEM) is a numerical technique for solving practical differential equations, finite element meshing is utilized to discrete the domain and to calculate the voltage as a forward solver [31] . For an object to occupy a two-dimensional region with its boundary ∂ , electrodes e l , l = 1, 2, 3, . . . , L on the boundary. A current I with an angular frequency ω is applied to an adjacent electrodes pair, by calculating the divergence of both sides of the Maxwell equations, the following equation is obtained
where σ and u are the distributions of conductivity and potential. Appropriate boundary condition need to be considered to build an accurate electrode model for EIT. This study uses the complete electrode model (CEM), which considers both the shunting effect of the electrodes and the contact impedance [32] . Given the CEM equation:
where z l indicates the contact impedance between the lth electrode and the tissue, n is the outward normal, V is the voltage and I is the current. The inverse problem in EIT can be defined as the recovery of a change in conductivity σ from a change in measured boundary voltage u, which is the opposite process to forward problem. To solve this inverse problem, the matrix described the mapping between u on the boundary and σ in the interior is required. And we call this matrix A as Jacobian Matrix, where can be written as:
In this work, time-difference imaging is used. The measurements are taken in different times, one is taken as background when the conductivity is homogeneous of the region and the other is taken when the conductivity of the region has changed.
B. UTT
The ultrasonic wave can be transmitted, reflected, refracted or diffracted travelling through materials with different acoustic impedance. This fact reveals the complexity of sound's propagation in non-uniform media. Because of the existence of the same material-phase compounds (liquids) in the region-ofinterest (ROI), we already know that a big amount of energy will be transmitted. In this work, we focused on the ultrasonic transmitted energy. Therefore we could be based on an UTT approach.
In simplified form, the propagation of ultrasonic wave considered as a straight line from transmitter to receiver in the UTT mode. Therefore, a spherical wave (cone-beam) could be considered as an infinite sum of plane waves (fanbeam). Each spherical wave can be approximated by a cone of rays and subsequently, every plane wave by a fan of rays. Figure 4 shows an ultrasonic annular array of 32-transducer. The transducers work as both transmitter and receiver, mounted at the outer boundary of the phantom. When one transducer works as transmitter, ultrasonic signal is sent across the phantom, and other transducers work as receivers and can record the transmitted or reflected/scattered ultrasonic signals from various directions.
We developed a sound speed transmission tomography, for this work. The tomographic system measures the timeof-flight of the travelled transmitted pulses. Based on the assumption of straight-line propagation, ultrasonic wave propagates in different materials with different speeds. The developed method provides sound-speed mapping of the ROI by processing the TOF raw data. TOF values, inside of the phantom, can be influenced by the material distribution [33] . TOF values are calculated by measuring the time of the first received most powerful pulse of the captured waveform. By enveloping the received signals and detecting the waveform's point of maximum peak of amplitude, one can figure out the time that took to the biggest transmitted pulse to travel through the ray-path. Using the raw TOF data to compute sound-speed data, we conclude by getting the average sound velocity of each one of the wave-rays [34] .
where D is the distance of the travel-path of each ray and S is the computed average sound velocity. The sound speed of the m th ray, v m (1 < m < M) of an acoustic wave that travels through the path l, between an emitter and a receiver can be expressed by the following path of a line. This line is expressed by the integral of the spatial distribution of the sound-speed of the domain:
To algebraically reconstruct data, first of all, one need to discretize the domain. The equation below describes the reconstruction problem:
where s n is the sound speed that produced the n th _cell, 1 < n < N and w m,n is the weighted value that describes how much every specific wave-ray affects the domain, namely the pixels. These weighting values have been computed by an algorithm which checks the distance of the ray to the centre of the pixel. By treating the pixel as a circle, we achieved to reduce dramatically the computation costs of the process of assigning thee values [34] .
A tomographic approach consists of many of these rays, whose amount depends on the angle of emission beam. All these equations of rays form a system of linear equations, the so-called forward problem. The measurement includes subtraction between reference and inclusion data for sound speed leading to the image of change of sound speed:
C. IMAGE RECONSTRUCTION
To overcome some sparsity problems that can be occurred with the above method in UTT, thicker wave rays are used for the sensitivity kernels to the width of the transducer (19mm). It is commonly known that the specific tomographic method is not capable of detecting and reconstructing objects lower in dimensions than the actual receivers' dimensions. Therefore a more uniform distribution of sensitivity values can be achieved. In Figure (6) at left, we present a sensitivity kernel and at right two full sensitivity maps. The middle one was computed by using a fan-beam angle of 90 degrees and the right one a full fan-beam angle of 170 degrees. We choose for our reconstructions the 90 degrees sensitivity matrix as it offers a better sensitivity over the centre of the domain. Figure 7 shows the sensitivity maps in EIT, which gives a high sensitivity near the boundary. Generally, UTT has uniform sensitivity as compared to the EIT which is very non-uniform with central area with weaker sensitivity. The singular value decomposition of the sensitivity matrix in UTT and EIT will help to understand the level of illposedness in each case and hence the level of regularization. Figure 8 shows the singular value distribution for the EIT and UTT, it is clear that EIT is severely ill-posed while the UTT has some level of ill-posedness. The need for sophisticated regularization in EIT is far more important than it is for UTT.
A total variation algorithm is used for both UTT and EIT cases. In this work, the L1-norm regularization term is introduced and the above inverse problems are solved by the total variation (TV) algorithm [35] . The changes in conductivity and sound speed using TV algorithm are:
where, α and β are the regularization parameters, ∇ is the gradient and · 1 is the l1-norm penalty term. A split Bregman based TV algorithm is used for both UTT and EIT more detail is in [36] .
D. DUAL MODALITY PROCEDURE
In water-dominated situation, EIT can be used for detecting non-conductive phase including both gas and oil, by solving the difference in voltage measurements. An image of conductivity distribution is reconstructed, as shown in Figure 9 topleft. Since the acoustic impedance varies in water and gas, but are similar in water and oil, the reconstructed image of UTT can be used for identifying gas phase like in Figure 8 top-right. To combine the information of these two reconstruction images, a water-dominated three-phase flow can be distinguished. These two procedures are independent, EIT and UTT can be performed at the same time or sequentially.
The simulation results are presented in Figure 9 using realist noise models. The conductivities and speed of sound of each phase are set as Table 1 . A 7dB noise is added for EIT images and 15% mean value noise of differences is added for UTT images. Three different scenarios are created. As expected, non-conductive phases are clearly detected by EIT. Because of the high contrast in conductivities between water and oil/gas, noise has little effect on EIT results. However, noise makes significant impact on UTT images, due to the close sound speed between oil and water phase. The speed of sound in water and in oil are close, ideally, a shallow inclusion of oil phase should be found in all cases. But the reconstruction of oil phases can be easily affected when noise is introduced, which means the separation of oil from water can be difficult using UTT. Finally, the three-phase flow can be distinguished by combining these two sets of images.
To achieve a robust three phase discrimination, we developed an image fusion approach. Combining the information of the gas phase detection by UTT and the non-conductive phase detection by EIT, a three-phase image can be produced. An image fusion strategy is developed by using the following steps: i) Threshold and binaries the EIT image putting the value of −1 for non-conductive phase and 0 for the rest of domain, this gives a two phase image of 50 by 50 pixel image of EIT, ii) threshold and binaries UTT image by putting −1 for gas and everything else is 0, this is 50 by 50 pixel image of UTT, and iii) add the two images together. If the sum of a pixel in with EIT and UTT is 0 then it is the water VOLUME 8, 2020 phase, where the sum is −1 then it is the oil phase, and when the sum is −2 then it is the gas phase. Figure 9 shows the fusion images for all three cases, blue indicated gas phase and yellow to green indicated air phase as promised. As the experiments and simulations in this paper are based on data from distinct phases, the above method works well, if a more inter-mixed phase is considered a more sophisticated strategy can be developed for this classification but following a similar approach. An Otsu threshold method [37] can be used for noisier sets of images helping to produce image of EIT and UTT which includes −1 or 0 in their entries.
IV. EXPERIMENTS A. MEASUREMENT SYSTEM SETUP
The experimental system includes a combined sensor, which includes both the 32-electrode EIT sensor array and the 32-electrode UTT sensor array, and two separate measurement system (one is for EIT and the other is for UTT). The UTT array is vertically down below the EIT array. Figure 9 shows the experimental setup used in this study. Since we use EIT and UTT in separate plane it is possible to use 32 sensors. However, if we were to use them both in single plane then 16 channel for each would be more appropriate.
The EIT measurement system used in this experiment is designed by Swissitom AG (http://www.swisstom.com/). It consists of a SensorBelt, a smart SensorBeltConnector and a power supply. The SensorBelt directly connects 32 sensors with the smart connector, whilst the smart connector controls all injection and measurement. The software with data communication documentation on the PC shows realtime measurement process, records measurement data and realises final image reconstruction. The UT system includes a power supply, a self-designed control, calculation module and a computer. The power supply powers the control and calculation module. The control module controls the whole measurement process, realises the switching process for a whole measurement, generates and amplifies the excitation signal and deals with the received signal to obtain TOF values. The computer implements image reconstruction and provides the final images. The inner and outer diameters of the tank were 280 mm and 300 mm. The excitation frequencies of EIT and UTT were both 200 kHz. One plastic bottle filled with olive oil used for representing oil phase and another empty bottle (air) in the same size represented gas phase in all cases. The samples are presented in same situations for both EIT and UTT sensor array level which can be treated as the 'same cross-section'. In EIT, the only reliable imaging property is the electrical conductivity. A plastic bottle filled with olive oil can be represented as oil phase because they are all non-conductive. The same for air and gas. For UTT, TOF depends on density. The difference between speed of sound in water and speed of sound in oil is smaller than the difference between speed of sound in water and speed of sound in gas, as shown in Table 1 . Therefore, the experimental set up can model a pipeline flow. Figure 11 clearly presented reconstruction images in both EIT and UTT for 5 different scenarios. These 5 cases are designed to show the feasibility of EIT and UTT duel-modality performance in: a) oil and air phases are far away to each other and both near boundary; b) oil and air phases are close to each other and one of them near boundary; c) oil and air phases are at same distance from the boundary. EIT images present both oil and air phase in blue, the colour bar present relative conductivity from 0 to −1, whereas deep blue represents non-conductive. Meanwhile, UTT images clearly show the position and the size of the air phase. The colour from blue to red presents the relative speed sound in each phase from low to high correspondingly. The fusion images are generated using the approach as in simulations, where three different colours values different phases, −2 represents gas phase, −1 oil phase and 0 for background water phase.
B. RESULTS
In previous research, EIT shows good performance and potential in flow industrial and other applications [38] , [39] . Images obtained by EIT are generally good. In case 2 and 3, EIT images can clearly detect one phase near boundary and show in deep blue, but the other phase can still be seen in shallow blue and blurry. This is because EIT always has a high resolution near the boundary and decreasing forward centre. Therefore, in these cases, three-phase image can be compromised by the limitation of EIT when oil/air phase is in the centre. Hence, non-conductive samples in the centre may not be imaged or separated, especially when they are very close.
UTT data is noisier than EIT in this work. Moreover, 32-transducer system increases the complexity in image reconstruction, but on the other hand, it provides high resolution in both systems. Referring to figure 7, the condition of UTT sensitivity matrix in reconstruction is slightly ill-posed compared to severely ill-posed EIT imaging. This makes EIT highly dependent to the image reconstruction and regularisation parameters. Additionally, the UTT has almost uniform sensitivity, but for EIT it is highly position dependent. This is shown clearly in cases 2 and 3, where simultaneous reconstruction of two inclusions next to each other with EIT is challenging. UTT is also slightly more robust in the central area and has some resolution degradation near to the boundary. EIT has better image resolution in the boundary area and less so in the central area. This gives UTT and EIT an additional synergy in terms of area of imaging.
Overall, these results demonstrate successful outcome for three phase flow characterization when dealing with distinct phases of water oil and gas using EIT and UTT dual-modality system. Figures of merit are plotted in Figure 12 , amplitude ration (AR), resolution (RES) and shape deformation (SD) was selected from GREIT image quality parameters [40] . AR measures the ratio of image pixel amplitudes in the inclusion area to that in the reconstructed image; RES measures the size of reconstructed inclusion as a fraction of size of entire imaging region and SD shows part of reconstructed images that does not fit in a circular shape. The performance of fusion images is generally better than EIT images, in other words, this dual-modality not only to distinguish three-phase, but also enhanced EIT resolution.
As the experiments, here are static in nature, simultaneous measurement of the UTT and the EIT data is not required; however, the time synchronisation is needed in a dynamical flow situation. In this study, we used UTT and EIT electrodes on two planes and hence 32 electrodes for each. If UTT and EIT electrodes were in the same plane, then 16 electrodes for each should provide enough imaging resolution.
V. CONCLUSION
This paper introduced a novel three-phase material imaging and characterisation using a combined transmission mode ultrasound tomography and an electrical impedance tomography. The results demonstrate successful characterisation of these three-phase of oil, water and gas in water dominate cases. While two-phase flow imaging of the oil and gas in water background was possible, the three-phase is still considered as a major challenge. The results in the paper shows that a novel combination of UTT and EIT can be used for such a three-phase imaging. EIT is used to identify non-conductive phase which either oil or gas phase and hence UTT is used to identify air phase. This dual modality enables three-phase flow imaging by providing complimentary information from each imaging system.
